The unsaturation ratios of alkenones have been applied widely to reconstruct pelagic sea surface temperatures (SSTs). However, applications to costal settings have been hampered by the effects of salinity and nutrient dynamics. Here we present a 4.5-year-long record of alkenones in water column particulate organic matter from sites in Narragansett Bay (RI, USA) spanning wide ranges in salinity and nutrients, and a 300-year alkenone record from two Narragansett Bay sediment cores. Particulate organic matter results suggest that there are two distinct alkenone producing populations. One is a widespread population that blooms in summer (July-September) and displays alkenones typical of Group III producers -the basis for the widely applied marine U k' 37 temperature index. The other population is confined to brackish waters in the Providence River during spring salinity minima and displays alkenone profiles consistent with Group I production-the first detection of Group I in a brackish nonlacustrine environment. The sedimentary alkenone profiles consist of only Group III alkenone distributions, allowing for the reconstruction of a 300-year-long record of Narragansett Bay SST. Comparison of the most recent 100 years of this reconstruction with local and regional instrumental SST records shows excellent agreement, confirming a regional pattern of SST rise in the coastal northeastern United States that exceeds global or hemispheric rates. Group III alkenone production in coastal settings may be common and may open the way to high resolution local and regional SST reconstruction.
Introduction
Anthropogenic climate change cannot be fully characterized within the context of natural climate variability from instrumental temperature records alone. Instrumental records do not begin until the mid-1800s; hence, they fail to separate baseline natural variability from anthropogenic forcings. This important distinction requires the development of reliable paleotemperature reconstructions that span the last millennia (e.g., D'Arrigo et al., 2006; Mann et al., 2008; Ono et al., 2012; Shi et al., 2013) . For example, 14 high-resolution compilations of paleotemperature comprise the Intergovernmental Panel on Climate Change's most current understanding of global and hemispheric temperature for the last 2,000 years (informally called the Common Era; Intergovernmental Panel on Climate Change [IPCC], 2013) . Unfortunately, only four of these compilations contain sea surface temperature (SST) information, and in those four, SST geographical coverage is limited. In contrast, these 14 compilations contain data from nearly 2,000 trees-known to partially document changes in local air temperature. Our understanding of global temperature over this period therefore largely depends on terrestrial data, and disproportionately on tree ring proxies. Detecting and attributing local changes in SST may also be important for assessing changes in coastal zone resources such as ecosystem structure, phytoplankton dynamics, and fishery migrations (Smith et al., 2010) . Given the importance of SST to both local and global climate, the development and inclusion of more SST records into the Intergovernmental Panel on Climate Change Common Era compilations is a primary target of paleoclimate investigations (McGregor et al., 2015; Pages2k Consortium, 2017; Tierney et al., 2015) .
Estuaries and other near shore/coastal systems may provide an opportunity to contribute important information to this network if robust quantitative paleotemperature proxies can be developed. Coastal systems often contain thick sequences of Holocene sediment that have accumulation rates near mm/year, making subdecadal sediment sampling achievable (Corbin, 1989; Hubeny et al., 2008) . Unfortunately, inorganic paleotemperature proxies, such as the oxygen isotope or magnesium-to-calcium ratios in biogenic carbonates, are generally problematic in coastal systems due to the lack of adequate sedimentary carbonate and/or the confounding effects of strong environmental gradients of salinity that can complicate the interpretation of stable isotope proxies (with notable exceptions, (e.g., Cronin et al., 2010) ).
Organic biomarker SST proxies hold promise in these organic-rich coastal sediments if these potential environmental influences and sedimentological complications can be avoided. Here we investigate alkenone concentrations and compositions in water column and sediment samples from Narragansett Bay, a tidal estuary in the northeastern United States, for the purpose of quantifying paleo-SST at high temporal resolution. We study alkenone compositions in water particulate organic matter (POM) and sediment samples across salinity gradients to assess the alkenone producing populations within Narragansett Bay and demonstrate that alkenone production is dominated by a species or group of species with close affinity to open-ocean alkenone producers. As a proof of concept, we conclude with a comparison of sediment alkenone records to regional measured air and SST records in order to characterize Narragansett Bay temperature variability over the past 100 years.
Narragansett Bay
Narragansett Bay (Figure 1 ) is a north-south oriented tidal estuary covering~250 km 2 with a mean depth of~8 m (Boothroyd & August, 2008) . Freshwater enters primarily via the Providence and Taunton Rivers in the north, and marine water from the Northwest Atlantic Shelf enters through the West and East Passages in the south. Freshwater flux to the Bay is modest leading to a high mean volume-weighted salinity (~30 psu; Pilson, 1985; Ries III, 1990) . The geographic separation of freshwater and marine water sources led Costa-Pierce and Desbonnet (2008) to subdivide the Bay into four distinct but overlapping ecofunctional zones. We adapt their definitions in this work to define three zones-the Providence River (which includes the upper Bay zone of Costa-Pierce and Desbonnet, 2008), mid-Bay, and lower Bay (Figure 1 ).
Narragansett Bay has an array of water quality monitoring buoys (Table S1 in the supporting information and Figure 1 ) that have been in place for over a decade (e.g., Codiga et al., 2009 ). These monitoring data, including highly resolved near-surface SST, salinity, and chlorophyll measurements (Figure 2 ), highlight the primary features of seasonal and intrabay variability (RIDEM Bay Assesment and response Team, 2011) . SST is highest during summer (July-September) and coolest during winter (December-March), with greater seasonal SST ranges in the Providence River than in the marine-dominated lower Bay (Figure 2a ). Year-round salinities are highest in the lower Bay, with lower salinities and a more pronounced spring (March-June) salinity minimum in the Providence River (Figure 2b ). Primary productivity is generally higher and more variable in the Providence River due to greater nutrient supply (Oviatt, 2008) , with pronounced early spring (JanuaryApril) and summer (July-September) blooms (Smayda & Borkman, 2008) . In contrast, seasonal productivity is generally lower and less variable in the marine-dominated lower Bay (Figure 2c ). The mid-Bay represents a transition zone between the Providence River and the lower Bay.
The Northwest Atlantic shelf-of which Narragansett Bay is a part-is influenced by two slope-water masses: Atlantic Temperate Sea Water and Labrador Subarctic Slope Water (Gatien, 1976; Greene & Pershing, 2000 Pickart et al. (1999) .
Alkenone Production
Despite numerous studies that have characterized the phytoplankton of the Bay (Hargraves, 1988; Karentz & Smayda, 1984; Pratt, 1959 ; The University of Rhode Island, 2018), alkenone-producing coccolithophorids have not been previously reported. Therefore, before applying alkenone ratios to reconstruct SST, the sources of alkenone production within the Bay must be understood, as alkenone production might not follow the well-calibrated relationship to temperature known from the open ocean. Here we review the current knowledge of, and possibility to differentiate between, different alkenone producing groups.
Previous studies document the temperature dependence in the ratios of di-unsaturated to tri-unsaturated 37-carbon alkenone biomarkers produced by coccolithophorids in pelagic, marginal, and coastal waters and sediments (Bendle et al., 2009; Blanz et al., 2005; Conte et al., 2006; Ficken & Farrimond, 1995; Marlowe et al., 1984; Mercer et al., 2005; Müller et al., 1998; Warden et al., 2016) . Pelagic alkenones are produced by Group III (following the phylogenetic naming convention of Theroux et al., 2010) haptophyte algae, primarily Emiliania huxleyi and Gephyrocapsa oceanica (Conte et al., 1994; De Leeuw et al., 1980; Volkman et al., 1980) . Numerous regional calibrations-ostensibly based on Group III alkenone production-of U k' 37 (U k' 37 = (C 37:2 )/(C 37:2 + C 37:3 ) to SST were developed (Prahl & Wakeham, 1987; Tierney & Tingley, 2018) , including those for the North Atlantic and Nordic Seas (Conte et al., 2001; Sicre et al., 2002) . Nonetheless, globally distributed sediment trap data (Rosell-Mele & Prahl, 2013) and surface sediment (U k' 37 = 0.033 × SST + 0.044; Müller et al., 1998) Table S1 ). The dashed lines denote the ecofunctional boundaries between sections of the Bay (adapted from Costa-Pierce & Desbonnet, 2008) , the filled circles indicate seawater sampling facilities, the empty circles indicate NMFS cruise sampling locations, the filled triangles denote locations of air and sea surface temperature data used to develop SST TFG , and the stars denote sediment core locations. Locations are color coded for reference to Figure 2. 
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Paleoceanography and Paleoclimatology between 0-28 ± 1.4°C; Prahl et al., 1988) . Therefore, a single global calibration is appropriate for estimating mean annual SST from the U k' 37 index over the pelagic ocean where alkenone production is not highly seasonal (Tierney & Tingley, 2018) .
While alkenone ratios appear to be sensitive to modern and historical SST change in high salinity (≥30 psu) marginal and coastal systems (Framvaren Fjord, Norway (Ficken & Farrimond, 1995) and the Skagerrak, North Sea (Blanz et al., 2005) ), their relationship to SST breaks down in brackish (0.5-30 psu) systems (Bendle et al., 2009; Blanz et al., 2005; Ficken & Farrimond, 1995; Mercer et al., 2005; Warden et al., 2016) . This is likely caused by salinity-driven shifts in the alkenone producing population. At lowered coastal and lacustrine salinities, alkenone production may be dominated by haptophyte Groups I and II. Group I haptophytes (Theroux et al., 2010) , previously called the Greenland phylotype (D'Andrea et al., 2006) , appear to be restricted to fresh and oligosaline lakes (Crump et al., 2012; D'Andrea et al., 2016; Longo et al., 2016; Plancq et al., 2018; Theroux et al., 2010) . Group II haptophytes are a diverse set of alkenone producers, including the genera Isochrysis, Ruttnera, and Tisochrysis (Marlowe et al., 1984; Nakamura et al., 2016) , with a wide range of temperature calibrations that are common in brackish lakes and coastal systems (Mercer et al., 2005; Nakamura et al., 2016; Nakamura et al., 2014; Schulz et al., 2000; Schwab & Sachs, 2011; Toney et al., 2012; Versteegh et al., 2001 ).
Different haptophyte groups produce distinctive distributions of alkenones, which can be used to distinguish source(s) of alkenone production using a "fingerprinting" approach based on the relative proportions of various C 37 and C 38 ketones (Volkman et al., 1995;  Table 1 ). For example, elevated contributions of the tetra-unsaturated C 37:4 and C 38:4 alkenones suggest production by Group I and/or II haptophytes (D'Andrea et al., 2006; Longo et al., 2016; Zheng et al., 2016) , while a lack of this compound is representative of Group III haptophytes (Herbert, 2014 Ono et al., 2012) , in brackish Lake Qinghai (China; 0.7-7.4; Wang & Liu, 2013) , in brackish Lake George (North Dakota, USA; 0.43-3.96; Toney et al., 2010) , and in the brackish Chesapeake Bay (USA; 1.1-4.5; Schwab & Sachs, 2011) . Therefore, the near-absence of C 38 ketones is diagnostic of production by Group II haptophytes (Theroux et al., 2013) . In contrast, the Group III haptophytes produce C 37 /C 38 ratios between 0.7 and 1.7 (Conte et al., 1998 , and references therein). Group I haptophytes also express C 37 /C 38 ratios near 1 (Longo et al., 2016) . Therefore, C 37 /C 38 ratios ≤1.7 are suggestive of Group I and III haptophytes, and ratios ≥1.8 suggest Group II. Lastly, Group I haptophytes produce a distinctive positional isomer of the C 37:3 alkenone, called C 37:3b , having double bonds with Δ 14,21,28 spacing instead of the more common Δ 7,14,21
spacing (Longo et al., 2013) .
In summary, while fingerprinting does not provide species specific information, it does provide the ability to distinguish globally calibrated Group III production from site-and/or species-specific Group II and I production. Further distinguishing Group II from Group I production is possible using the presence/absence of the C 37:3b and C 38:3b isomers. These distinctions are critical for Narragansett Bay, Table S1 and Figure 1 ) provide an important context for our water column and sedimentary U k' 37 results. Multiple years of data (CP = 2009 (CP = -2012 GB = 2007 GB = -2010 PC = 1996 PC = -2010 GSO = 1996 GSO = -2010 were averaged then treated with a low-pass filter to produce a monthly smooth. The patterns depicted are resistant to the length of time averaged and/or the removal of any 1-year data.
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where seasonal dilution of the Providence River results in brackish surface salinities that may provide a suitable habitat for non-Group III alkenone producers with distinct temperature calibrations.
Materials and Methods
Monitoring Data Associated With Particulate Matter Collection
In order to better interpret alkenone results obtained in the Providence River, between 14 August 2012 and 28 August 2013 we attached a Seabird conductivity, temperature, and depth sensor measuring SST, salinity, density, and fluorescence (a proxy for chlorophyll and thus water column productivity) to the dock owned by Save the Bay on Field's Point (FP; Table S1 and Figure 1 ).
Filtering Water for POM
In situ alkenone production was monitored using POM obtained from several sampling locations. Surface water samples at eight locations (Table S1 and Figure 1 ) were collected on nine monthly National Marine Fisheries Service cruises (NMFS; June 2009 to November 2010, 72 samples). We filtered one 20-L carboy through combusted 1-μm glass fiber filters (Pall Corp.) and stored the filters frozen until extraction. Two seawater facilities, one at the University of Rhode Island's Graduate School of Oceanography (GSO ; Table S1 and Figure 1 ; mean sampling depth 3 m) and one at Roger Williams University (RWU ; Table S1 and Table S1 and Figure 1 ; mean sampling depth < 1 m), in an attempt to capture and characterize alkenone production there during low salinity intervals. At GSO, we sampled monthly between May 2009 and January 2010, every 2 weeks between January 2010 and August 2010, and three times each week between September 2010 and August 2013. At RWU, we sampled every 2 weeks for the duration of the study. At FP, we sampled three times each week for the duration of the study.
We sampled two different seawater sources at GSO. For the period between May 2009 and August 2012, seawater at GSO spent 12-24 hr in a settling tank and was passed through a coarse sand filter before sampling. For the period between June 2012 and August 2013, we switched to a raw line, the water for which came directly from the Bay without passing through settling tanks or sand filters. A period of overlap between June and August 2012, during which we sampled from both lines, allows us to detect and correct for linedependent effects-U k' 37 signal modulation, alkenone degradation, overprinting, etc.-if present. Seawater at RWU flowed from nearby Mount Hope Bay into holding tanks then into the sea water system from which we sampled. Residence times in the holding tanks were similar to those at GSO (12-24 hr). Seawater at FP came directly from the Bay's surface through a high-flow peristaltic pump with zero time lag. Water at all stations was filtered through a combusted 1-μm glass fiber filter (293-mm diameter; Pall Corp.) at an approximate rate of 8 L/min. We froze filters immediately for later biomarker extraction.
Omitting the coarsely resolved first year of the study and one large sampling gap (114 days) between 10 November 2010 and 4 March 2011, the average sample spacing for samples taken and analyzed from any facility was 6 (±6; 1σ) days.
Coring, Dating, and Age Model
We collected two sediment cores (Table S1 and Figure 1 ). Core NB12 (1.75 m; piston push core) is from Greenwich Bay (GB; mid-Bay), and Core NB25 (1.25 m; piston push core) is from Potter's Cove (PC; midBay). Both cores were collected in 2008 from sites close to water quality monitoring buoys. (Corbin, 1989) . We defined 1850 CE at the last sample depth before this increase.
Samples for pollen analysis were cleaned using the standard pollen processing techniques of Faegri and Iverson (1989) . We selected sediment samples (~5 cm 3 ) based on the preliminary [Pb]-based agemodel. Samples were treated with KOH (to remove organics), 10% HCl (to detect, and then if present, remove carbonates), HF (to remove silicates), and lastly, acetolysis (to remove organics and stain pollen residue). The samples were then transferred to vials and amended with silicon oil. The average number of grains counted per sample was 120 (range 23-216). Pollen age control was based on the onset of Ambrosia circa 1700 CE, associated with major land clearance by European settlers (Hubeny et al., 2008; Parshall et al., 2003) . We also assume that core top sediment reflects the year which cores were taken, based on minimal disturbance of the sedimentwater interface during push-coring.
One of the two cores studied (core NB12) provided a straightforward stratigraphy; the other (core NB25) required more interpretation. In core NB12, [Pb] increases slowly beginning at 35 cm (Figure 3) , Ambrosia pollen increased at~66 cm, and unsupported 210 Pb provided seven age estimates (Table 2) . In core NB25, Ambrosia pollen increased at~63 cm, and unsupported 210 Pb provided 11 age estimates. However, the NB25 [Pb] increase from 10 to 33 ppm between 43 and 41 cm is quite rapid and does not capture the typical slow increase seen in other Narragansett Bay cores (Figure 3 ), suggesting a possible hiatus at this level. Comparison to other dated cores suggests that about 30 cm is lost between the end of the 10 ppm baseline at 43 cm and the 33 ppm peak at 41 cm. This revised depth scale would place the Table 2 . Age-depth relationships were modeled using classical age modeling (CLAM; Blaauw, 2010 Classical age modeling (CLAM; Blaauw, 2010) was used to generate age models and estimate uncertainties (Figure 3 ). CLAM uses age probability distributions and Monte Carlo resampling (10,000 iterations here) to approach a statistical (95% confidence interval) "best fit" age model for the provided age control points, their depths, and their cumulative uncertainties. Based on CLAM age models, sedimentation rates in NB12 ranged from 0.2 to 0.6 cm/year and from 0.1 to 1.3 cm/year in NB25 when accounting for the hiatus inferred from [Pb] .
Alkenone Analysis
Sediments (~1 g) and filters were freeze-dried, homogenized, and extracted with dichloromethane on an Accelerated Solvent Extractor (Dionex, ASE200) at 150°C and 1,500 psi to produce a total lipid extract. POM extracts were saponified in~1.5 ml 2 N KOH (in 5% H 2 O in methanol) at 65°C for 2.5 hr before addition of NaCl (5% in H 2 O;~1.5 ml) and HCl (6 N to pH 2, dropwise). This mixture was then extracted three times with~1-ml hexane to remove the alkenone bearing fraction. This hexane, and the unsaponified extracts of sediment samples, was separated on silica gel using hexane, dichloromethane, and methanol to yield hydrocarbon, ketone (alkenone), and polar fractions, respectively.
Preliminary investigation of alkenones in near-surface sediments highlighted a complex matrix of co-eluting compounds that derivatization, saponification, and/or silica gel purification techniques would not resolve. Therefore, after silica gel separation, sediment samples deposited after~1850 ([Pb] onset) were urea adducted to remove this complex matrix (Murphy, 1969; Ohkouchi et al., 2005) . The dichloromethane (alkenone) fractions were dried gently under N 2 then resuspended in 1.5-ml dichloromethane:hexane (2:1). To this, we added 1.5-ml urea in methanol (100 mg/ml) resulting in the precipitation of urea crystals. Solvents were removed, and urea crystals consolidated, by gentle drying under N 2 at~30°C. Urea crystals were rinsed three times with hexane to remove the nonadducting material. The washed crystals were dissolved in Nanopure water and extracted three times with hexane to remove the alkenone-bearing fraction.
To test whether this procedure affected U k' 37 ratios, we performed multiple (n = 18) applications on our laboratory U k' 37 standard and on replicate Narragansett Bay sediment samples. The average U k' 37 difference between adducted and nonadducted sediment samples was −0.005 ± 0.010 (−0.02 ± 0.03°C, n = 18, using the calibration of Müller et al., 1998) . The average recovery of urea adduction was 94 ± 14% (n = 18). We therefore conclude that urea adduction does not introduce a systematic bias to alkenone unsaturation estimates, consistent with previous work (Ohkouchi et al., 2005) , and results in uncertainties comparable to routine determinations of U k' 37 by gas chromatography -flame ionization detection in samples with simpler organic matrices. Despite this extensive purification, the chromatograms of Narragansett Bay water column and sediment samples are of a higher complexity, with more frequent compound coelutions, than typical pelagic samples.
We added two quantification standards (n-C 36 and n-C 37 alkanes; Sigma Aldrich) to all samples before injection from an autosampler into a 112°C CIS-PTV inlet operated in solvent vent mode. After the initial vent, the inlet was ramped at 12°C/min to 240°C, held isothermally for 5 min, ramped again at 12°C/min to 320°C, and held isothermally for 2 min before cryogenic cooling. A 60 m, 0.32-mm ID, 0.10-μm film DB-1 with a 5-m fused-guard column (Agilent DB-1 Duraguard) was used on an Agilent 6890 GC-flame ionization detector. The oven temperature began at 90°C for 2 min, was ramped at 40°C/min to 255°C, at 1°C/min to 302°C, and at 10°C/min to 325°C where it was held isothermally for 20 min. Hydrogen was the carrier gas. Novel C 37:3 isomers were analyzed via GC-mass spectrometry using a 60 m, 0.32 mm ID, 0.25-μm film VF-200 column (Agilent) and identified via comparison of mass spectra with those in Longo et al. (2013) . Analytical accuracy, tracked via the injection of a laboratory alkenone sediment standard with each GC run, was ±0.042 U 37 units (± 0.2°C; n = 19). The above estimates of implied temperature uncertainty were calculated using the calibration of U k' 37 to temperature determined by Müller et al. (1998) . Reproducibility of alkenone concentrations (C 37 total) was within 8 and 13% for replicate injections (n = 78) and extractions (n = 19), respectively.
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Developing a Long Instrumentally Derived SST Record
To compare down-core alkenone estimates of SST to the historical record, we used the air surface temperature record from T. F Green Airport (Table S1 and Figure 1 ) to develop an estimate for SST over the last 115 years. This is predicated on the fact that coastal air temperature is to a large extent driven by coastal water temperature (Cho & Lee, 2012) . For example, between 2000 and 2008, T. F. Green monthly mean air temperature captures 94% of the monthly mean Narragansett Bay SST variability ( Figure S1 in the supporting information). A linear regression ( Figure S1 ) between mean monthly air temperature at T. F Green (GISTEMP Team, 2016; Hansen et al., 2010) and mean monthly SST from the buoy at Conimicut Point (CP; Figure 1 
We use equation (1) to transform the 115-year T.F. Green air temperature record into an SST estimate for the Bay (SST TFG ). We also compare our sedimentary record with an instrumental SST record (SST WHOI ) from Woods Hole, Massachusetts, approximately 37 miles east of Narragansett Bay (Shearman & Lentz, 2010) .
We produced a U k'
37 -inferred SST composite from the individual sediment records by subtracting the mean SST of each record (determined between modern and 1700), compositing the records based on age, and adding the core average (the average of the two individual core averages) back to the composite to produce the final SST record with an average resolution of 4 (± 2.5 1σ) years. This treatment does not attempt to align the individual records in time thru wiggle matching, and no attempt is made to quantify the composited age uncertainties. To aid statistical comparison with the annually resolved SST TFG and SST WHOI records, the composite was annually interpolated, then all three records were treated with a 10-year smooth.
Results
POM: Detection and Sampling Artifacts
Alkenones were detected in 24% (17 of 72) of the 20-L water samples collected during NMFS cruises (Table 3) and in 82% (212 of 257) of the larger (~500 L) water samples collected at sea water facilities (Table S2) . Of these larger samples, 8 of 28 samples (26%) at RWU, and 204 of 229 samples (89%) at GSO, contained detectable quantities of alkenones. At GSO, we analyzed samples from both the sand filtered and raw sea line between 27 June and 31 August 2012 to check for sampling artifacts between the two different lines ( Figure S2 ). U 
POM: Spatial and Temporal Patterns of Alkenone Production
Approximately 81% (218 of 268) of the mid-Bay and lower-Bay samples contained alkenones. Concentrations of C 37 alkenones in these locations samples varied between 0.13 and 15.3 ng/L (avg = 0.9 ng/L), and concentration maxima typically occurred between July and September (summer) in concert with SST maxima. All mid-Bay and lower-Bay alkenone distributions were characterized by an absence of the C 37 : 4 alkenone (Figure 4a ; peak 1) and C 37 /C 38 between 0.2 and 1.8 (avg = 0.8 ± 0.2 1σ).
In contrast, only 13% (8 of 61) of the Providence River POM samples contained alkenones. Alkenone distributions in these samples were characterized by the presence of the C 37:4 and C 38:4 alkenone (Figure 4b ; peak 1 and 5) and C 37 /C 38 between 1.0 and 1.8 (avg = 1.3 ± 0.4 1σ). Concentrations of C 37 alkenones in these samples varied between 0.38 and 104.3 ng/L (avg = 15.8 ng/L) and maxima occurred in March and April of 2010 and 2013 in concert with salinity minima. The 2010 detection of tetraunsaturated alkenones extended into the mid-Bay at NMFS cruise location 30 (Figure 1) . Additionally, we identified the novel C 37:3b and C 38:3b positional isomers in these samples (Figure 4c ) by comparing their mass spectra with published results (Longo et al., 2013;  Figure S3 ). As described in detail in Longo et al. (2013) 
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457, when compared to the common C 37:3 isomer. Although most samples were run on the less-resolving DB-1 column, we optimized resolution such that the C 37:3 isomers, if present, result in two clear, if incompletely separated, peaks (Figure 4b) , and monitored the peak width of the C 37:3 ketone as an additional check on the presences/absence of the C 37:3 isomers indicative of Group I alkenone production.
POM: U k'
37 and SST Here we combine the various POM sampling locations together as one data set to compare POM U 37 (x) of all samples lacking the C 37:4 alkenone equaled 0.52 and was calculated using the following equation.
Comparison of the U 37 closely tracks surface temperature (e.g., March-July 2010) and periods where it does not (e.g., July-October 2010). Generally, U k' 37 is lower than expected based on SST measured at GSO from December to March or April, while U k' 37 is higher than expected between April and October. Therefore, while U k' 37 does show a seasonal cycle, the amplitude is attenuated relative to instrumental SST. The April-October deviations are coincident with (sometimes small) increases in water column alkenone concentrations, while DecemberMarch/April deviations are not. We also note a period between May and July 2012 when changes in U k' 37 appear to lag instrumental SST by approximately a month, a period much longer than any imposed by settling tanks (~1 day). During this time, U k' 37 also increases and decreases rapidly, while following a general warming trend.
Sediment U k' 37
Sediment core alkenone distributions were similar to those in surface waters of the mid-Bay and lower Bay. No measurable C 37:4 or C 38:4 alkenones typical of Group I production were identified in our sediment samples, the C 38 methyl alkenones were present, and C 37 /C 38 averaged 0.7 (± 0.1 1σ; Table S3 ). The lack of tetra-unsaturated alkenone suggests that Group I haptophytes, although detected in the water column during salinity minima, do not contribute measurably to the alkenone inventory in the locations where we detected alkenones in sediments. However, due to the presence of a large unresolvable complex mixture in the gas chromatograms of all Providence River sediment samples, we were unable to detect any alkenones in the sediments underlying the seasonally brackish waters in which we detected the C 37:4 and C 37:3b alkenone in the water column.
Sediment core samples (n = 810; Table S3 ) contained C 37 alkenones in concentrations between 0.06 and 0.53 μg/g sediment (average = 0.32 μg/g sediment), and the average alkenone (C 37 and C 38 ) mass accumulation rate was 0.13 μg · cm 2 · year. The average of our core top U 37 composite with SST WHOI over the past century also displays a strong decadal correlation (not shown; R 2 = 0.52, p ≪ 0.05). 
Discussion
Spatial Characterization of Modern Alkenone Production
We only detected C 37:4 and C 38:4 containing alkenone distributions in 8 of 96 (8%) These results are consistent with those detecting high contributions of C 37:4 alkenones in other lower salinity ecosystems (Bendle et al., 2009; Blanz et al., 2005; Ficken & Farrimond, 1995; Mercer et al., 2005; Schulz et al., 2000; Schwab & Sachs, 2011; Warden et al., 2016) and suggest that a cutoff may exist near 25 psu, below which pelagic Group III haptophytes are outcompeted by other (Group I and/or II) alkenone producers, in Narragansett Bay.
Our results suggest two geographically separated populations of alkenone producers in Narragansett Bay-one preferring high salinity and one preferring lower salinity. The first population inhabits the mid-Bay and lower Bay, where we detected alkenones in 97% of our POM samples. These samples bear the hallmarks of production by well-calibrated, pelagic, Group III haptophytes-a lack of C 37:4 and C 37 /C 38 near 1. The second, more restricted, population inhabits the Providence River, with one excursion into the mid-Bay, and features high tetraunsaturated contributions, thus limiting production to Group I and/or II haptophytes. POM alkenone distributions with high C 37:4 and C 38:4 contributions were detected in the springs of 2010 and 2013, the latter of which was also characterized by C 37 /C 38 near 1 and the presence of the C 37:3b positional isomer, suggesting alkenone production in the Providence River in the spring of 2013 was dominated by Group I haptophytes. It is possible that Group I alkenone signatures are advected in fresh water from the Providence River, rather than produced in situ, but in that case it is not clear why the occurrence is restricted to the months of March and April in our sampling, which seems to us more indicative of a locally stimulated spring bloom. If in situ production by Group I haptophytes in a brackish (~25 psu) nonlacustrine environment can be definitively established, the environmental range and utility of these alkenone producers will be extended significantly. We cannot rule out Group II production in the Providence River and mid-Bay in March and April of 2010 since we do not have C 38 concentrations or isomer information for these three (of 8) detections; the chromatography in the region of the C 38 alkenones was too complex to confidently analyze and the new GC methods that allow for the baseline separation of the C 38 alkenones and C 37:3b isomer (Longo et al., 2013) had not yet been developed at the time of our measurements. Therefore, we can only conclude that Group I and/or II alkenone occurrence in the Providence River was sometimes coincident with Group III production in the mid-Bay and lower Bay (Figure 4 ).
The preponderance of the evidence supports in situ Group III production, rather than advection from open ocean waters of Rhode Island Sound. The strongest support for this claim comes from the consistent +0.02 U k' 37 offset between the GB and Potter's Cove cores (Figure 6 ), which agrees with a +1 to +2°C temperature gradient between the sites during spring and summer observed in modern instrumental SST (compare red and blue curves in Figure 2a) . Advection from outside of Narragansett Bay would yield a spatially homogeneous U k' 37 signal within the Bay, which is not observed (Figure 6 ). Furthermore, the accumulation rate of alkenones in our cores (130 μg · cm 2 · kyr) is extremely high compared to open ocean settings that have rates on the order of 1-10 μg · cm 2 · kyr (e.g., Badejo et al., 2017; Petrick et al., 2015) . A very high supply rate of alkenones is required to sustain this flux. Therefore, advection of pelagic production is unlikely to result in the observed mass accumulation rates we find in Narragansett Bay. Because the ensemble of both water 37 -inferred sea surface temperature (SST;°C; squares = GSO sand line, diamonds = GSO raw line, circles = NMFS cruises, and triangles = Fields Point) and measured SST at GSO (black line; Table S1 ); (b) alkenone concentrations (ng/L, same symbols as in (a)) for Group III production (absence of C 37 : 4 ; left axis) and Group I and II production (presence of C 37 : 4 ; right axis); (c) nitrite+nitrate (solid line), and phosphate (dashed line) concentrations (μM); and (d) phosphate/nitrite+nitrate ratios. Comparison of U k' 37 -inferred SST with measured SST highlights periods of both agreement and deviation. Good agreement in U k' 37 SST and alkenone concentration is noted between samples taken from settled prefiltered water (GSO sand line) and water from the raw line.
Temporal Characterization of Modern Alkenone Production
Narragansett Bay SST calculated from U k' 37 displays a direct but attenuated relationship with seasonal fluctuations in in situ water temperature ( Figure 5 ). While measured SST varied between 0.2 and 24.1°C, U k' 37 -inferred SST was between 5.1°C (27 March, 2013) and 21.3°C (24 August, 2012). The mass weighted average U k' 37 -inferred SST over the course of the study was 14.2°C, which falls within calibration error of average SST at GSO over the same period (13.1°C) and is the same as core-top U k' 37 measurements (14.2°C). This suggests that the alkenone SST signal in Narragansett Bay approximates mean annual SST.
Based on alkenone concentrations, extended (>1 month) haptophyte blooms did not occur every year. This may represent real interannual variability in haptophyte productivity or the occurrence of short-lived, and therefore unsampled, blooms. Sample spacing throughout the record was generally on the order of dayshighly resolved compared to commonly reported bloom durations (2-3 months; Broerse et al., 2000) , although blooms lasting on the order of days have been reported in macroaggregates of E. huxleyi (Cadee, 1985) . However, neither macroaggregates nor any other form of coccolith have previously been detected in Narragansett Bay, making it unlikely that such an event occurred during our study without being detected.
We developed a generalized annual cycle of U k' 37 -inferred SST, C 37 total, measured SST (at GSO), and Chl (at GSO) by averaging the annual cycles of these variables between 2009 and 2013 ( Figure 7) . The generalized cycles show that increases in alkenone production are contemporaneous with well-known spring and summer increases in Bay chlorophyll concentrations and phytoplankton-primarily diatom and dinoflagellatebiomass (Smayda & Borkman, 2008) . During the springs of 2010 and 2013, Providence River water-column alkenone concentrations typically reached their maximum around 1 month before spring chlorophyll maxima. During the summer of 2009 through 2013, mid-Bay and lower Bay alkenone concentrations typically reached their maximum about 1 month after maximum summer chlorophyll concentrations. The phasing of haptophyte blooms in relation to chlorophyll maxima suggests that Groups III and I and/or II haptophytes may flourish under very different nutrient and productivity-as well as salinity-conditions. Indeed, Group III haptophytes are known to thrive in oligotrophic conditions such as those present after the Bay's summer bloom. 37 is responding directly to growth water temperature.
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The finding that alkenone-producing haptophytes do not bloom every year highlights the importance of extended temporal monitoring of alkenone producers. For example, if we only analyzed alkenones from 2012-a year without a clear alkenone bloom, we would determine a mass weighted U k'
37 -inferred SST of 15.5°C. This is 3.5°C warmer than instrument measured SST (at GSO) in 2012 and would imply that U k' 37 -inferred SST is actually warmer than mean annual SST. Further, if we only sampled during a particular season, or for some part of the year, our conclusions on the viability of U k' 37 in Narragansett Bay would be different. Instead, by integrating multiple years of observations, the nonthermal and seasonal effects on U k' 37 seem to diminish in importance, and we argue that U k' 37 in mid-Narragansett and lower Narragansett Bay sediments principally reflects mean annual SST.
Deviations Between U k'
37 and Measured Water Temperature Our POM results display seasonal deviations between measured and U k' 37 -inferred SST (Figures 5 and 7) . This behavior has been documented previously. Several pelagic sediment trap studies report annually integrated U k' 37 ratios, which reflect mean annual SST, while seasonal U k' 37 -inferred SSTs are too warm in the winter and too cool in the summer (Harada et al., 2006; Lee et al., 2011; Prahl et al., 2001; Seki et al., 2007; Sikes et al., 2005; Yamamoto et al., 2007) . Cool summer deviations are often coincident with maxima in alkenone flux (Lee et al., 2011; Sikes et al., 2005; Yamamoto et al., 2007) and have been explained by invoking changes in haptophyte depth habitat (Prahl et al., 2001 ) and/or nutrient depletion (Sikes et al., 2005) . Conversely, warm winter deviations may result from light limitation (Harada et al., 2006; Sikes et al., 2005) , the advection of alkenones produced in warmer water masses (Harada et al., 2006) , and/or sediment resuspension (Yamamoto et al., 2007) . Lee et al. (2011) argued that deviations between measured and U k' 37 -inferred SST at a deep sediment trap (>1,000 m) was an artifact of the long settling times between surface and deep waters. It is important to note however that despite these seasonal intricacies, these studies reported annually integrated U k' 37 estimates of SST that were close to mean annual. We repeatedly detect winter deviations to elevated (warm) U k' 37 in our time series (Figures 5 and 7) . The average U k' 37 -inferred SST during warm winter deviations (defined as U k' 37 inferred SST >1.5°C warmer than instrumental SST) is approximately 12.9°C. Water of this temperature is present on the mid-Atlantic Bight and along the north wall of the Gulf Stream during the winter months (Levitus, 1982 ) and so we cannot rule out advective contributions of alkenones from these sources, although our spatial POM results discussed above suggest that advection to Narragansett Bay is not likely a large issue. It is possible that alkenone producers are light limited during the winter (Harada et al., 2006; Sikes et al., 2005) , particularly during and following winter storms, which can resuspend surface sediment (Oviatt & Nixon, 1974) . However, measurements of secchi depth in Narragansett Bay (Borkman & Smayda, 1998) are relatively high during winter months (owing to low productivity), suggesting that waters are clear and light permeable. The shallow 37 ) and (b) alkenone concentrations (C 37 total) overlaid on the annual cycle. The data were averaged and smoothed with a polynomial fit (solid line; note separate axis for averaged and smoothed C 37 total on right) and compared with instrumentally measured SST (left) and chlorophyll (right) measurements from GSO averaged over the same period (2009) (2010) (2011) (2012) (2013) and smooth with a polynomial fit (dashed lines).
nature of Narragansett Bay (avg~8 m; Boothroyd & August, 2008) eliminates long time lags between surface production and sampling depth, making the settling time hypothesis of Lee et al. (2011) implausible. However, the Bay's shallow depth also makes it easier for winter storms to resuspend sedimentary alkenones into the surface water we are sampling. Indeed, the SST inferred by U k' 37 during these warm winter deviations (12.9°C) is within error of our core top measurements (14.2°C) and so it is plausible that these apparent deviations are caused by sediment resuspension, consistent with the findings of Yamamoto et al. (2007) .
We also repeatedly detect summer deviations to lower (cool) values of U k' 37 in our POM record. In our time series, U k' 37 -inferred SST starts cooling relative to instrument inferred SST in early summer (7 July 2010, 13 July 2011, 11 July 2012, and 19 July 2013; Figures 5 and 7) . Bottom water in Narragansett Bay is generally only 1-3°C cooler than surface water this time of year (RIDEM Bay Assesment and Response Team, 2011) and so subsurface alkenone production in~12°C water (such as that inferred by U k' 37 in the summer of 2010) via the depth habitat hypothesis (Prahl et al., 2001 ) is not plausible. Water of this temperature is only found as far away as the Labrador Sea this time of year; thus, the likelihood of advection of alkenones produced in a cooler water mass is low, given constraints discussed above. We examined GC traces during times when U k' 37 deviated from SST for signs of Group I or II production but saw no evidence to suggest a shift away from Group III alkenone production.
Nutrient depletion (Sikes et al., 2005) , and its ability to lower the growth rate of alkenone producers, may cause lower than expected U k' 37 ratios in E. huxleyi cultures, while also causing an increase in the intercellular concentration of alkenones (e.g., Prahl et al., 2003 , and references therein). In culture, when concentrations of nitrate dropped below 4 μM (and 0.2-μM phosphate) at constant temperature, inferred temperatures from U k' 37 decreased by 3.2°C, and intercellular alkenone concentrations tripled (Prahl et al., 2003) . In contrast, Epstein et al. (1998) found that nutrient limitation in culture experiments lead to warmer U k' 37 ratios (up to 5.5°C) and a 15-fold increase in intercellular alkenone concentrations.
The cool U k' 37 deviation in 2010 POM coincides with an increase in water column alkenones from~0.5 to almost 7 ng/L-a 13-fold increase-but estimated SSTs cooled instead of warmed, consistent with Prahl et al. (2003) . Water column nitrate+nitrite concentrations ( Figure 5 ) measured in the lower-Bay (at GSO) are below 4 μM-the limit suggested by Prahl et al. (2003) -at the time of each of the detected cool deviations (Krumholz, 2012) . However, even lower nitrite+nitrate concentrations (~0.4 μM) are present immediately preceding the cool deviations, which coincide with periods during which U k' 37 -inferred SST agrees well with instrumental SST (Figure 5 ). This phasing suggests that nitrogen depletion is not solely driving cool U k' 37 deviations in Narragansett Bay. While further research is necessary to assess the cause of these cool U k' 37 deviations, these deviations do not fundamentally bias our interpretation of U k' 37 -derived SST as a proxy for mean annual SST in Narragansett Bay. Comparison of proxy-based and instrumental sea surface temperature (SST) records and rates of warming over the past 100 years. The rate of warming implied by our Narragansett Bay composite (a; avg. = 2.0 ± 0.6°C/100 years) is close to SST TFG (b; 1.7 ± 0.2°C/100 years) and to rates obtained from instrumental records taken at Woods Hole, MA (c; 1.2°C/100 years from 1905 to 2005; Shearman & Lentz, 2010) . The rates of warming implied by these regional proxy-based and instrumental records are over thrice that of the proxy-based Northern Hemisphere mean anomaly (based primarily on tree rings) reported by Mann et al. (2008;  0.61 ± 0.05°C/100 years), and the instrumental global mean (not shown; 0.64 ± 0.2°C/100 years; Intergovernmental Panel on Climate Change [IPCC] , 2013) confirming a regional pattern of SST change that is warming faster than the global mean, most likely related to the polar amplification of global warming (Shearman & Lentz, 2010). 10.1029/2018PA003416 Jones & Mann, 2004) . Temperatures then warmed approximately 2.7°C between 1890 and modern as seen previously in local, regional, and global reconstructions (IPCC, 2013; Nixon et al., 2004; Shearman & Lentz, 2010) .
An
Our composite implies that the rate of warming in the Bay between 1905 and 2005 was 2.0°C/100 years (±0.6°C; CI = 95%; Figure 8a ). This is within error of the observed rate of SST TFG warming (1.7 ± 0.4°C/ 100 years; CI = 95%; Figure 8b ). This rate is thrice that of the proxy-based Northern Hemisphere mean anomaly (based primarily on tree rings) reported by Mann et al. (2008;  Figure 8d ;~0.61 ± 0.05°C/100 years), and the instrumental global mean (0.64 ± 0.2°C/100 years; IPCC, 2013). Our estimate is closer to, but still exceeds, rates of warming implied by 132-year-long regional instrumental records for the Gulf of Maine (1.0 ± 0.3°C/100 years) and the broader Mid-Atlantic Bight (0.7 ± 0.3°C/100 years; Shearman & Lentz, 2010 Figure 8c ). The rate of warming in Narragansett Bay is likely higher than those at Woods Hole due to its shallower and more restricted geomorphology. However, the close agreement confirms a rate of regional SST warming in the coastal Northeastern United States that is faster than the global mean. This feature has been attributed to a northward shift in the Gulf Stream (Pershing et al., 2015) as a response to a decrease in the strength of the Atlantic Merdional Overturning Circulation (Caesar et al., 2018) . Indeed, the Gulf of Maine, only 300 km northeast of the Bay is warming faster than 99% of the global ocean (Pershing et al., 2015) . The pattern of rapid regional SST warming has important consequences for Narragansett Bay and the northwest Atlantic shelf as fisheries managers and stakeholders attempt to adapt to a changing ecosystem, including changes in the timing of seasonal phytoplankton blooms and fishery migration (Smith et al., 2010) . These findings highlight the importance of robust, regional, high-resolution proxy-based SST reconstructions to understanding the heterogeneity of global ocean climate dynamics on decadal to centennial time scales in order to characterize climate prior to the advent of the instrumental record.
Conclusions
Water column sampling documents the near ubiquitous occurrence of alkenones in the marine-influenced portion of Narragansett Bay. In addition, brief episodes of alkenone production typical of Group I haptophytes were documented during periods of anomalous runoff in the upper Bay. Our results therefore indicate the presence of at least two distinct alkenone producing populations in Narragansett Bay, zoned by salinity. The vast majority of water column particulate samples, and all sediment samples, yielded alkenone distributions characteristic of Group III production. Our results therefore suggest that open ocean alkenoneproducing species such as E. huxleyi penetrate into coastal areas in enough abundance to leave a sedimentary proxy record of SST. Consistency of alkenone synthesis with Group III production opens up the possibility of generating high-resolution SST reconstructions in coastal sediments, if production similar to that observed in Narragansett Bay turns out to be a common occurrence. Our reconstruction of a 300-year-long record of Narragansett Bay SST shows excellent agreement with measured local and regional temperature, confirming a regional pattern of SST rise in the coastal northeastern United States that exceeds global or hemispheric warming rates.
